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Abstract. The observation of high losses of bioavailable nitrogen (N) and N richness in trop-
ical forests is paradoxical with an apparent lack of N input. Hence, the current concept asserts
that biological nitrogen fixation (BNF) must be a major N input for tropical forests. However,
well-characterized N cycles are rare and geographically biased; organic N compounds are often
neglected and soil gross N cycling is not well quantified. We conducted comprehensive N input
and output measurements in four tropical forest types of the Congo Basin with contrasting bio-
tic (mycorrhizal association) and abiotic (lowland–highland) environments. In 12 standardized
setups, we monitored N deposition, throughfall, litterfall, leaching, and export during one hydro-
logical year and completed this empirical N budget with nitrous oxide (N2O) flux measurement
campaigns in both wet and dry season and in situ gross soil N transformations using 15N-tracing
and numerical modeling. We found that all forests showed a very tight soil N cycle, with gross
mineralization to immobilization ratios (M/I) close to 1 and relatively low gross nitrification to
mineralization ratios (N/M). This was in line with the observation of dissolved organic nitrogen
(DON) dominating N losses for the most abundant, arbuscular mycorrhizal associated, lowland
forest type, but in contrast with high losses of dissolved inorganic nitrogen (DIN) in all other for-
est types. Altogether, our observations show that different forest types in central Africa exhibit N
fluxes of contrasting magnitudes and N-species composition. In contrast to many Neotropical
forests, our estimated N budgets of central African forests are imbalanced by a higher N input
than output, with organic N contributing significantly to the input-output balance. This suggests
that important other losses that are unaccounted for (e.g., NOx and N2 as well as particulate N)
might play a major role in the N cycle of mature African tropical forests.
Key words: 15N tracing; central African tropical forest; Congo Basin; gross N rates; N balance; N depo-
sition; N losses; nitrogen cycle; organic nitrogen; tropical forests.
INTRODUCTION
Tropical forests dominate the terrestrial carbon (C)
cycle, accounting for about one-third of the global ter-
restrial gross primary productivity (Beer et al. 2010).
Furthermore, intact tropical forests have been reported
to sequester the equivalent of about one-half the total
terrestrial C sink (Pan et al. 2011). However, recent work
has suggested an increasing role of nutrients limiting the
productivity of ecosystems; both data and modeling
efforts have shown that carbon dioxide (CO2) uptake by
terrestrial ecosystems strongly depends on nutrient avail-
ability (Bonan 2008, Pe~nuelas et al. 2013, Fernandez-
Martinez et al. 2014, Wieder et al. 2015). This has insti-
gated the implementation of the effects of nutrient
stocks and cycling in land-surface models (Wang et al.
2010, Zaehle and Friend 2010, Goll et al. 2012, 2017)
and stressed the need for a profound and mechanistic
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understanding of nutrient cycling effects on the C cycle.
Nitrogen (N) is of particular interest, being one of the
important macronutrients to sustain plant life. However,
the cycling of N is poorly quantified for tropical forest
ecosystems, particularly in the Congo Basin.
The nitrogen paradox of tropical forests
Tropical forests are regarded as N-rich ecosystems,
where N is cycled in excess. Much like discussed by Tay-
lor et al. (2015), this is supported by multiple lines of
evidence such as the high N:P ratio in canopy leaves
(McGroddy et al. 2004, Fyllas et al. 2009), high dis-
solved inorganic N (DIN) losses from streams (Brook-
shire et al. 2012a), high 15N natural abundance in
tropical forest soils (Bai and Houlton 2009), and exten-
sive reviews on N cycling in tropical forests (Vitousek
1984, Vitousek and Sanford 1986, Bruijnzeel 1991). The
generally high losses of bioavailable N from forest catch-
ments imply the existence of an N input sustaining these
losses (Hedin et al. 2009). Although symbiotic biological
nitrogen fixation (BNF) is traditionally put forward as a
major source of N for natural ecosystems, several studies
have now concluded that this process might be down-
regulated in N-rich environments, such as old-growth
wet tropical forests (Barron et al. 2011, Bauters et al.
2016). This paradoxical sustained BNF has subsequently
been explained by spatial heterogeneity where N poor
niches are decoupled from the N richness, and where
symbiotic or asymbiotic BNF can be maintained (Reed
et al. 2011, Menge and Levin 2017). Hence, tropical for-
ests are regarded as a “leaky nitrostat” (Hedin et al.
2009), with an open N cycle, where N input via BNF is
flexibly up-regulated when and where local soil N defi-
ciencies occur.
However, the data at the very basis of the nitrogen
paradox, i.e., observations of sustained N loss in tropical
rainforests, are actually few and of varying quality. First,
some of the export budgets have reported DIN losses
only (Appendix S1: Table S1), leaving both dissolved
organic and particulate organic N (DON and PON)
unquantified, although these have proven to be of
extreme importance in the overall N balance of some
tropical (Taylor et al. 2015, G€ucker et al. 2016, Brook-
shire et al. 2017) and temperate (Perakis and Hedin 2002)
forest ecosystems. Second, research results from both
montane and lowland tropical forests have not been dif-
ferentiated but rather just generalized. In parallel to the
vision of N-rich and P-poor lowland rainforests, ecolo-
gists have a longstanding assumption of tropical high-alti-
tude forests being rather limited by N than P (Tanner
et al. 1998, Santiago 2015). Hence, lumping all “tropical
forest” catchments should be cautioned against. A final
important assumption of the N paradox is that there is
low N deposition in most remote sites. Again here, recent
studies have shown that DON deposition can contribute
largely to total N deposition although it has been ignored
in most studies and that the atmospheric N deposition in
central Africa is much higher than expected from simula-
tions (Mace et al. 2003, Cape et al. 2011, Cornell 2011,
Bauters et al. 2018). The few studies that include DON
deposition in N balances usually come up with N inputs
that could outbalance reported N export ranges
(Appendix S1: Table S2). Meanwhile in modeling efforts,
most often only “reactive,” inorganic N deposition is ana-
lyzed or simulated. Finally, the combination of empirical
field measurements of N input and output, to at least
attempt to achieve a local N budget balance, is extremely
rare for tropical forests (Bruijnzeel 1991). This biases our
perception of forest N cycling, since it depends on geo-
graphic location (deposition; Dentener et al. 2006), forest
type (Staelens et al. 2011), climate (Weintraub et al.
2016), and topography (Weintraub et al. 2014). The avail-
ability of studies that extensively characterize the N cycle
and its fluxes in tropical forests is also geographically
biased, being studied in Costa Rica (Taylor et al. 2015),
Hawaii (Vitousek 1984, Hedin et al. 2003), and some
other sites in South America and Southeast Asia (Brui-
jnzeel 1991), with very few data on African tropical forest
(Galy-Lacaux et al. 2014).
Tropical forest nitrogen cycling in contrasting
abiotic environments
Soil types and/or climate affect N cycling of natural
ecosystems (Vitousek 1984, Vitousek and Matson 1988,
Vitousek et al. 1995). Simple proxies integrating the
local N cycle have been widely assessed in tropical forest
environments: litterfall (Vitousek 1984), topsoil d15N
(Craine et al. 2009, Mayor et al. 2014), canopy stoi-
chiometry (Vitousek et al. 1995, Asner et al. 2015), N
losses (Hedin et al. 2003, Brookshire et al. 2012b,
G€ucker et al. 2016), and net soil N transformations
(Vitousek and Matson 1988). Although, most of these
proxies are considered integrative, they only offer limited
insight in the mechanisms behind contrasting N cycle
patterns between ecosystems. For example, net rates of
N mineralization and nitrification (sensu Davidson et al.
1992) are not necessarily correlated with the gross N
mineralization and nitrification rates, and hence only
offer a limited view on the soil N cycle (Davidson et al.
1992). Additionally, gross N transformation rates need
to be assessed in situ, since lab-based or disturbed soil
assessments render non-representative rates (Booth
et al. 2006, Arnold et al. 2008, G€utlein et al. 2016).
However, quantifying the bulk of these N fluxes—com-
bining patterns in N inputs, N losses, and gross soil N
rates—are very labor intensive and logistically challeng-
ing in remote places, and therefore very rare in tropical
forests (see, e.g., Gerschlauer et al. [2016] for a review of
in situ gross N cycle studies of tropical forests). Never-
theless, the contradictions in existing observations of N
loss patterns across tropical forest catchments prove that
there is a lot to be learned from “holistic” and integrative
studies in contrasting environments (Brookshire et al.
2012b, Taylor et al. 2015, G€ucker et al. 2016).
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Tropical forest nitrogen cycling in contrasting
biotic environments
In addition to abiotic controls on N cycling, a vital
component in the N cycle are the organisms involved in
it. Due to the inherent metabolic need of all organisms,
ranging from microbes over soil fauna to plants to build
in both C and N, organismal growth is inherently linked
to N cycle rates. Different studies have pointed to the
impacts and effects of plant species on local (Reed et al.
2008, Bauters et al. 2017b, Menge and Levin 2017) or
landscape-scale biogeochemistry (Knops et al. 2002).
However, few studies have directly compared N inputs,
outputs, and soil N cycling across forest types, where
geography, and thereby climate, soil, and geology, were
kept constant. The co-occurrence of both monodominant
forests consisting of Gilbertiodendron dewevrei (De Wild.)
J. Leonard with the lowland mixed forest, and monodom-
inant bamboo forests with the montane mixed forest, on
the African continent offer great conditions to asses N
cycle differences because of different biotic composition.
On both locations, both forest types are climax ecosys-
tems but represent a distinct set of functional traits (Peh
et al. 2011a). These traits are only proxies for the underly-
ing life-history of plants (Dıaz et al. 2015), hence the real
mechanisms of monodominance are to be found in
underlying processes that are expressions of these traits.
For Gilbertiodendron forest, for example, authors have
suggested that the association with ectomycorrhizal fungi
(EcM) is underlying the phenomenon of monodominance
(Peh et al. 2011a, b, Corrales et al. 2016, Kearsley et al.
2017). One study has reported differences in the local N
cycle from a monodominant vs. mixed forest in the
Neotropics and concluded that monodominant forest sys-
tems are promising model systems to explore the organi-
zation of the tropical N cycle, and the consequences of
ecological trait assembly on ecosystem functioning in gen-
eral (Brookshire and Thomas 2013). Consequently, a
more elaborate study aiming at quantifying N fluxes in
both mixed and monodominant forests would further
unravel (1) the potential variability of N cycling due to
biotic drivers and (2) how monodominance can establish
in a highly diverse tropical forest biome.
Aim and hypotheses
With this study, we aimed to gain insight in the N
cycle of tropical forests by making empirical N budgets
for different forest types in a poorly documented region.
We specifically aimed to answer three main questions:
(1) How does N cycling differ in contrasting abiotic envi-
ronments of lowland vs. montane tropical forests? (2)
How does forest type within each geographical location
affect the N cycle, i.e., what is the variability that can be
expected from a change in biotic forest composition? (3)
How does the N cycle of tropical forests in the Congo
basin compare to the better-documented South Ameri-
can and Southeast Asian tropical forests?
To answer these questions, we quantified components
of the N cycle in four contrasting forest types in the
tropical forest of the Congo basin (Democratic Republic
of the Congo). We monitored forest N fluxes fortnightly
in triplicate in lowland mixed forest, lowland monodom-
inant forest, montane mixed forest, and montane mon-
odominant forest during one hydrological year and
complemented these measurements with 15N tracing to
quantify in situ gross N dynamics in the soil and N2O
emission via intensive field campaigns in dry and wet
seasons. Altogether, this approach aims for an approxi-
mate empirical N budget with insights into soil dynamics
in four contrasting forest types at two contrasting loca-
tions.
MATERIAL AND METHODS
Study sites
The study was carried out in intact old-growth forests
at two geographical locations (lowland and montane) in
the Congo Basin (DR Congo). At both locations, we
assessed two forest types with three repetitions of the
experimental setup per forest type (totaling n = 12). The
lowland sites are situated in the tropical forest near Yoko
village, roughly 30 km south of Kisangani, Tshopo pro-
vince, DR Congo (Table 1; Appendix S1: Table S3,
Fig. S1) with mean annual rainfall of 1,800 mm and
average temperature of 24.2°C. Vegetation at the low-
land location is classified as semi-deciduous rainforest,
and the climate falls within the Af-type (tropical rain-
forest climate), following the K€oppen-Geiger classifica-
tion. Soils in the region are typical deeply weathered and
nutrient-poor Ferralsols (Van Ranst et al. 2010), with
very limited elevational differences and gentle slopes.
The site has two dominant forest types, lowland mixed
forest (LMF) and lowland monodominant forest
(LMoF), where >60% of the basal area consists of one
species Gilbertiodendron dewevrei (De Wild.) J. Leonard.
The montane forest is situated in the Kahuzi-Biega
National Park, roughly 30 km northwest of Bukavu,
South-Kivu province, DR Congo (Table 1;
Appendix S1: Table S3, Fig. S1). The national park is
part of the Albertine Rift region, with an altitude rang-
ing from 650 to 3,320 m above sea level (asl). Annual
rainfall is between 1,500 and 2,000 mm, with a mean
annual temperature of 20°C. Most of the accessible part
of the park is located around 2,200 m asl, where two
main forest types can be found: montane mixed forest
(MMF) and monodominant bamboo forest (MMoF).
The latter is characterized by the dominance of the bam-
boo Yushania alpine (K.Schum.) W.C.Lin. Soils in the
montane region are Ferralsols/Acrisols, with comparable
high sand and silt content compared to the lowland sites.
We established three plots per forest type of 40 by 40 m,
where throughfall, litterfall, and soil solution were sam-
pled. This resulted in four sets of three study plots in
LMF, LMoF, MMF, and MMoF, at two locations
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(lowland and highland). At both locations, the mixed
forest type represents the dominant vegetation type,
while the monodominant forests are less abundant.
Water and litter sampling and analysis
Throughfall and bulk precipitation were collected fort-
nightly using polyethylene (PE) funnels supported by a
wooden pole of 1.5 m height to which a PE tube was
attached and draining into 5-L PE container. A nylon
mesh was placed in the neck of the funnel to avoid con-
tamination by large particles. The container was buried in
the soil and covered by leaves to avoid the growth of algae
and to keep the samples cool. We installed eight through-
fall collectors in each plot as two rows of four collectors,
with approximately 8 m distance between all collectors.
The soil solution was sampled per study plot by four
lysimeters at 20 cm depth, four lysimeters at 40 cm depth
and three lysimeters at 80 cm depth. Suction cup lysime-
ters consisted of a PVC tube fitted with a porous ceramic
cup (Eijkelkamp Soil and Water, Giesbeek, the Nether-
lands) and connected to a buried opaque 2-L glass bottle
by a PE tube. A pressure of 500 hPa was applied on
each sampling occasion, using a portable vacuum pump
(Prenart Equipment, Copenhagen, Denmark). On every
sampling occasion, the water volume in each collector
was measured in the field, and recipients, funnels, and
mesh were replaced and rinsed with distilled water. A vol-
ume-weighted composite sample of the devices per plot
was made. All samples were stored in a freezer immedi-
ately and sent in batch to Belgium for chemical analysis.
The volume-weighted composite samples were first fil-
tered using a nylon membrane filter of 0.45 lm before
freezing. NH4
+ was determined colorimetrically by the
salycilate-nitroprusside method (Mulvaney 1996) on an
autoanalyzer (AA3; Bran and Luebbe, Norderstedt, Ger-
many). NO3
 was determined colorimetrically using the
same autoanalyzer in form of NO2
 after reduction of
NO3
 in a Cd–Cu column followed by the reaction of the
NO2
 with N-1-napthylethylenediamine to produce a
chromophore. Additionally, the total dissolved nitrogen
(TDN) was determined by adding 1:1 oxidizing solution
of NaOH, H3BO3, and K2S2O8, and putting it in an auto-
clave for 1 h at 121°C in order to convert NH4
+ and dis-
solved organic N (DON) into NO3
 (Lachouani et al.
2010). Exchangeable cations (K, Ca, Mg, and Na) were
determined by atomic absorption spectrophotometry
(Eppendorf, Netheler & Hinz GmbH, Hamburg, Ger-
many). Chloride (Cl) was measured in the samples by
Ion Chromatography (Thermo-Scientific, Pittsburgh,
Pennsylvania, USA).
Additionally, stream water was sampled in a nearby
stream at both locations (lowland and mountains), where a
V-notch weir (90°) was installed to survey the river water
flux and stream water composition. The flow rate was esti-
mated using a bucket and a stopwatch at every sampling
occasion. Additionally, a water level height data logger
(WT-HR 1500; Trutrack, Christchurch, New Zealand) was
installed approximately 2 m upstream of the V-notch, log-
ging the water level every two hours. Overall, the data pre-
sented here comprises sampling from October 2015 to
October 2016 in the lowland site and from December 2015
to December 2016 in the montane site. The catchment area
corresponding to the drainage at the outlet point was deter-
mined using ASTER data (ASTGTM v2, 30-m resolution,
https://lpdaac.usgs.gov/dataset_discovery/aster), and a D8
flow accumulation algorithm using Whitebox GAT and
QGis version 2.18 (available online).9 Subsequently, rela-
tions were fitted for the logger height and the stream flow
at the sampling dates, and the accumulated drainage flow
was calculated using the loggedwater heights.
Litterfall traps were set up parallel to the throughfall
collectors, in the same setup scheme; i.e., two rows of
four litterfall traps at approximately 8 m distance
between each other. The traps were sampled every two
weeks and the collected samples were dried immediately
TABLE 1. Site characteristics of the different study plots.
Lowland Montane
Type LMF LMoF MMF MMoF
Elevation (m above sea level) 448.6  4.5 452.7  8.99 2250.7  38.73 2289.0  8.8
Soil class Ferralsol Ferralsol Ferralsol/Acrisol Ferralsol/Acrisol
Texture
Sand (%) 73.5  2.7 69.5  2.2 48.4  12.8 62.5  14.4
Silt (%) 22.2  2.7 26.2  2.2 44.4  10.5 35.6  13.7
Clay (%) 4.3a,b  0.6 4.3a,b  0.4 7.2a  2.4 1.9b  0.7
C (%) 1.74a  0.36 2.77a  0.71 14.35b  1.7 13.85b  3.12
N (%) 0.12a  0.02 0.18a  0.04 1.31b  0.17 1.13b  0.18
C:N 14.4a,c  1.1 15.0a  0.9 11.0b  0.1 12.1b,c  0.8
pH-H2O 4.3a,b  0.5 3.5a  0.2 5.2b  0.6 4.1a,b  0.1
d15N (&) 10.1a  0.9 7.6b  0.6 5.6b,c  0.6 3.9c  0.6
Notes: Texture, carbon (C), nitrogen (N), and all soil variables were measured on composite samples of the top 5 cm of soil in all
plots in the lowland mixed forest (LMF), lowland monodominant forest (LMoF), montane mixed forest (MMF), and montane
monodominant forest (MMoF). Values are means  SD. Different lowercase letters indicate statistically significant differences.
9 http://www.qgis.org
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after sampling. Branches with diameter >2 cm were dis-
carded, since we were interested in fine litterfall. After
drying for 24 h at 70°C, the samples were transported to
Belgium for analysis. For the lowland location, all sam-
ples were ground for homogenization and subsequently
analyzed on an elemental analyzer (ANCA-SL; SerCon,
Crewe, UK) coupled to an IRMS (20-20; SerCon). Total
N and C litterfall flux were determined by multiplying
the N and C content of every sample with the subse-
quent dry mass of the total sample. For the montane for-
est types, the samples were pooled per setup and per
month, a subset of three sampling dates per study site
(n = 6) was analyzed, and the average N content was
multiplied with the study site’s respective litterfall
weight.
15N tracing experiment for gross soil N dynamics
In parallel to the monitoring of the 12 plots, a specific
in situ 15N labeling experiment using the virtual soil core
approach (R€utting et al. 2011) was conducted in August
2016 in the three LMF plots and one LMoF plot (onset
of the wet season) and in April 2017 in the three MMF
and three MMoF plots (onset of the wet season). The
labeling experiment allows an assessment of in situ gross
N dynamics in an undisturbed system. Within each plot,
we replicated the experiment three times. As such, per
replication, we selected two rows of five labeling spots
parallel to each other. Subsequently, we simultaneously
labeled one row with a 14NH4
15NO3 and the other with
15NH4
14NO3 solution, both with 98%
15N atom%. Both
solutions contained the same concentrations of NH4
+
and NO3
 and were added in the same amount. This
was done by using specifically designed, handmade
injection devices of 19 1-mL injections and a spatially
homogenous pattern, in the top 7 cm of the soil. The
labeling spots were then subsequently sampled at differ-
ent time steps after labeling (8 h, 24 h, 48 h, and 72 h
for the lowland sites; 2 h, 8 h, 24 h, 48 h, and 72 h for
the montane sites). Sampling was done by taking the
“inner soil core” in the center of the labeling area, to
avoid border effects of the labeling. Immediately after
sampling, the soil samples were transferred to the field
laboratory and extracted by shaking 60 g of the sample
with 120 mL of 1 mol/L KCl. After exactly 1 h, the
extract was filtered through filter paper (MN615;
Macherey-Nagel, Darmstadt, Germany), and the
extracts were exported to Belgium and Sweden for anal-
ysis. As described above, NO3
 and NH4
+ concentra-
tions were determined colorimetrically using an auto
analyzer. For the Yoko samples, the 15N contents of both
nitrogen species were analyzed after conversion to N2O
(Hauck 1982, Stevens and Laughlin 1994), using a cou-
pled trace gas preparation unit (ANCA-TGII; PDZ
Europa, Chesire, UK) and an Isotope Ratio Mass Spec-
trometer (IRMS) (20-20; Sercon). For samples from
Kahuzi-Biega, an automatized sample preparation unit
coupled to a quadrupole mass spectrometer (GAM 400;
InProcess, Bremen, Germany) was used (Stange et al.
2007). The NH4
+ was oxidized to N2 with a NaOBr
solution in an alkaline medium and NO3
 was reduced
to NO with a V(III)Cl3 solution in an acidic medium
(HCl). The results of the analyses were used in the
numerical 15N tracing model Ntrace, which is coded in
MatLab (Version 7.13; The MathWorks, Natick, Mas-
sachusetts, USA) and has several advantages over the
classic pool dilution techniques (R€utting et al. 2011).
This model uses Monte Carlo sampling techniques for
parameter estimation, and as such estimates the fluxes
of a prior defined set of N pools and transformations.
For the latter, we assumed the organic NH4
+ and NO3

pool and the major known fluxes between those, i.e.,
mineralization, NH4
+ immobilization, nitrification, dis-
similatory reduction of nitrate to ammonium (DNRA)
and NO3
 immobilization. Model fits were evaluated
using the Akaike Information Criterion, and the result-
ing shape of parameter distribution functions (R€utting
et al. 2011).
We characterized the topsoils of each study site by tak-
ing composite samples of five points within each plot of
the 0–5 cm depth layer. Samples were dried for 48 h at
60°C. Roots were picked out of the soil samples before
grinding the soil for analyses. Carbon and N concentra-
tions, along with the d15N of the soils, were analyzed
using an elemental analyzer (Automated Nitrogen Car-
bon Analyzer; SerCon, Crewe, UK), interfaced with an
Isotope Ratios Mass Spectrometer (IRMS; 20-20, Ser-
Con). The soil pH (pHH20) of each sample was deter-
mined by using a glass electrode (Model 920A; Orion,
Cambridge, UK) after suspension of 14 mL soil in
70 mL distilled water (Table 1). Soil texture was deter-
mined on a laser defraction particle size analyzer (LS 13
320; Beckman Coulter, Brea, California, USA) after dis-
solving 1 mg (lowland) and 0.25 mg (highland) of soil in
4 mL of 10% Na-hexametaphosphate, shaking on an
orbital shaker for 3 h, and subsequent sonication for
1 min. Particle size determination was done according to
the classification system of the United States Department
of Agriculture (USDA).
N2O fluxes
N2O fluxes were measured daily during one week at the
end of the dry season (September–October 2016) and dur-
ing one week within the wet season (April–May 2017) at
one of the mixed and monodominant lowland sites and at
one site in the montane mixed forest. For logistical rea-
sons, it was not possible to organize N2O sampling in the
montane monodominant forest. Three non-steady-state
(static) chambers (Hutchinson and Mosier 1981, De Klein
and Harvey 2015) made of PVC were installed at each site
at least 24 h before the first gas sample was taken (diame-
ter = 330 mm, h = 280 mm). For individual flux measure-
ments, chambers were closed for the duration of 1 h and
gas samples taken at four evenly spread time points in
steps of 20 min from the chamber headspace (0, 20, 40,
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60 min) using a syringe. At each time point, 20 mL of
sample was stored in pre-evacuated 12 mL vials (Exe-
tainer, Labco, Lampeter, UK) and later transported to
ETH Zurich for analysis. The samples were analyzed for
N2O using gas chromatography (456-GC; Scion Instru-
ments, Livingston, UK) and fluxes calculated according to
F ¼ VP
RST
DC
Dt
where DCDt denotes the rate of change in concentration
(slope of linear regression model), V is the volume of sta-
tic chamber, R is the gas constant (0.08206 [L atm/K
mol]), S is the area, P is the pressure, and T is the tem-
perature. Each chamber was equipped with a thermo-
couple and temperature measured at each sampling
using a handheld reader (HH-25TC, Type T, Omega
Engineering, Stamford, USA). Yearly, average flux was
calculated by upscaling from these two weeks of data per
site, assuming relatively stable soil temperature and soil
moisture regimes in these latitudes.
Data processing and analysis
We used plot-averaged values for the volume of the
bulk rainfall, throughfall, and lysimeter collectors. The
water flux for bulk rainfall and throughfall was calcu-
lated by dividing the average water volume by the sur-
face area of the collector. Element deposition was
consecutively calculated by multiplying the water volume
with the element concentration in that volume. The
leaching flux at the level of the suction cup lysimeters
was calculated using the Chloride Mass Balance (CMB)
method for the lowland cluster (De Schrijver et al.
2004). This method is based on the assumption of con-
servation of mass between the input of atmospheric
chloride and the chloride flux in the subsurface (Eriks-
son and Khunakasem 1969). The nutrient concentration
in the collected water was used to calculate the total
nutrient output per surface area of the catchment. For
the montane sites, we used sodium as an inert tracer
instead of the CMB method because we found very high
chloride depositions, supposedly from the Nyiragongo
volcano outgassing (Virunga National Park, North
Kivu), roughly 100 km north of the montane site. This
suggests that substantial retention mechanisms in the
soil are impeding the use of CMB for these sites. Due to
the lack of relation between N concentration and flow
rate, we calculated catchment-scale export by multiply-
ing the accumulated discharge with the concentrations
(arithmetic mean, minimum, and maximum) of N mea-
sured across all stream samples to estimate the catch-
ment scale losses. The catchment scale losses are
assumed to be integrative for the losses under the most
dominant forest types, being respectively LMF and
MMF in the lowland and the highland site. The overall
water balance was evaluated at both locations by com-
paring the resulting evapotranspiration per area with the
simulated evapotranspiration from Global Land Evapo-
ration Amsterdam Model (GLEAM; Miralles et al.
2011, Martens et al. 2017).
For the plot-level data, we conducted one-way Analy-
sis of Variance (ANOVA), with additional Tukey’s Hon-
estly Significant Difference (HSD) post hoc testing.
When the underlying assumptions were not met, based
on Bartlett’s test for homogeneity of variance and Sha-
piro test for normality, the data were log-transformed.
Kruskal-Wallis and a subsequent Dunn’s test were used
to analyze the data that did not meet the ANOVA
assumptions after transformation. Significance was
determined as P < 0.05. All analyses were done using
the R software (The R Core Team 2018). We want to
stress that, due to the small sample sizes, the statistical
test results must be interpreted with caution. Measure-
ments done on only one of the plots per forest type
(N2O, and gross N cycling rates in LMoF) where
excluded from statistical analysis.
RESULTS
Hydrology
Over the course of a year, the lowland sites showed
throughfall volumes of 1,765  28 and 1,993  87 mm
water (mean  SD) in the LMF and LMoF, respectively,
and 2,131 mm of rainfall in the open field. This concurs
with an average of 17% canopy interception evaporation
in the mixed forest plots, while only 6% in the mon-
odominant plots. The water export from the catchment
through river discharge was calculated for the period
from 1 April 2015 to 23 January 2016, because of data
logger failure after 23 January 2016. For this period,
545 mm water left the 30.1 ha catchment at the outlet
point, being 41% of the incident rainfall (open field) dur-
ing that period. Extrapolating this value for the rest of
the hydrological year resulted in a total evapotranspira-
tion of 1,257 mm. For the montane sites, throughfall
amounted to 1,627  127 and 1,767  55 mm for the
MMF and MMoF, respectively, with open field rainfall
of 1,802 mm. MMF and MMoF showed canopy evapo-
ration of respectively 18% and 9%. Catchment scale
export through river discharge was monitored from 5
September 2015 to 9 September 2016, and 497 mm left
the 11.5 ha catchment, which was roughly 27% of the
incident rainfall (Appendix S1: Table S4), resulting in
annual total evapotranspiration of 1,315 mm. We evalu-
ated our water balance by comparing calculated with
simulated evapotranspiration using GLEAM
(Appendix S1: Table S4; Miralles et al. 2011, Martens
et al. 2017), revealing that the resulting evapotranspira-
tion values from our empirical data are within the order
of magnitude of the GLEAM estimates (Appendix S1:
Table S4). Stem flow was not assessed in this study due
to logistic constraints, but it has been shown to be only
of minor importance to the water balance of tropical for-
ests (Schellekens et al. 2000).
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N input, output, and litterfall
Bulk deposition of TDN was similar at both geographic
locations, being respectively 18.2 and 21.2 kgha1yr1.
Canopy passage added a variable amount of N, hence total
throughfall N input varied among the different systems:
53.1  3.2, 37.5  10.0, 37.7  0.7 and
27.2  6.7 kgha1yr1 in, respectively, LMF, LMoF,
MMF, and MMoF, with significantly lower NH4
+ through-
fall loads in LMoF, lower (P < 0.05) NO3
 throughfall
loads in MMoF, and significantly lower DON throughfall
loads in MMF and in MMoF. This resulted in the signifi-
cantly highest TDN deposition loads in LMF and MMF.
The calculated losses of TDN in the dominant forest type
at each location (LMF and MMF) via leaching at 80 cm
soil depth were in the same order of magnitude, i.e.,
11.5  2.8 and 15.5  5.5 kgha1yr1 for LMF and
MMF, respectively. TDN river export at both locations was
7.3 and 7.2 kgha1yr1 for LMF and MMF (Table 2),
respectively. The dissolved N species composition changed
through the ecosystems, from throughfall to catchment
export, and varied across the different forest types (Tables 2
and 3, Fig. 1). Lowland forests, in general, show elevated
export of N in the form of DON. This was confirmed by
the leaching data from the most abundant forest type,
LMF, showing a DON leasing loss at 80 cm depth that was
significantly higher than in all other forest types (Table 2),
resulting also in a significant higher DON and lower NO3

fraction in those losses (Table 3). However, LMoF showed
a distinct leaching pattern, with NO3
 being by far the
most abundant form of N output. Likewise, the montane
forests showed a very high stream NO3
 runoff (Table 3,
Fig. 1). In the montane forests, we found that MMoF
showed different leaching patterns with less pronounced
TABLE 2. Calculated yearly nitrogen budgets for lowland mixed forest (LMF), lowland monodominant forest (LMoF), montane
mixed forest (MMF), and montane bamboo forest (MMoF).
Source
Lowland Montane
LMF LMoF MMF MMoF
Wet deposition
NH4
+ 2.4 9.6
NO3
 2.8 5.8
DON 13 5.8
TDN 18.2 21.2
Throughfall
NH4
+ 12.2a  2.3 4.8b  0.1 9.4a  1.8 12.5a  4.6
NO3
 14.3a  2.0 12.0a  0.5 13.9a  2.2 5.9b  1.6
DON 26.6a  1.6 20.7a,b  2.3 14.4b  0.3 8.8c  2.2
TDN 53.1a  3.2 37.5b  4.2 42.1a,b  0.8 30.4b  7.4
N in Litterfall 203a  11 193a,b  28 250a  20 132b  28
Leaching at 20 cm
NH4
+ 2.9  1.9 4.8  0.1 2.0  1.1 1.1  0.2
NO3
 6.6a  3.1 12.0a  0.5 19.2a  12.6 1.5b  1.4
DON 16.0  9.7 20.7  2.3 6.5  4.2 2.7  1.0
TDN 25.5  15.4 37.5  10.0 27.7  17.7 5.2  2.0
Leaching at 40 cm
NH4
+ 8 .0  7.0 3.8  4.4 1.8  1.0 0.7  0.2
NO3
 6.3a,b  3.9 18.9b  16.7 12.8a,b  14.7 1.3a  0.8
DON 9.4  2.8 9.6  8.7 2.7  2.54 1.2  0.6
TDN 23.7a  7.1 32.3a  29.4 17.3a  16.3 3.2b  1.6
Leaching at 80 cm
NH4
+ 2.4  1.0 2.0  1.1 0.9  0.5 1.9  2.1
NO3
 2.2  0.7 9.7  6 12.7  8.2 2.4  2.7
DON 6.9a  1.7 3.3b  1.2 1.9b  1.19 0.8b  0.5
TDN 11.5  2.8 15.0  5.5 15.5  9.7 5.1  3.4
Stream losses†
NH4
+ 0.7 (0.0–1.7) 1.4 (0.4–8.3)
NO3
 0.4 (0.0–0.9) 3.8 (0.2–7.9)
DON 6.2 (0.5–18.5) 2 (0.4–4.9)
TDN 7.3 (0.5–21.1) 7.2 (1–21.1)
Notes: All numbers are in kg Nha1yr1. All numbers show the arithmetic mean with standard deviation, except for the stream
losses, which shows the arithmetic mean with minimum and maximum in parentheses. Significant differences across forest types are
indicated by different letters per type (P < 0.05).
†Values for stream losses are for lowland and montane forests.
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dominance of NO3
 loss. Moreover, NH4
+ was more
prevalent in throughfall and leaching compared to MMF.
Additionally, both throughfall inputs and hydrological
losses of N were lower in the bamboo soil. Litterfall was
significantly lower in MMoF compared to LMF and
MMF, while similar across LMF, LMoF, and MMF
(Table 2).
Gross N soil transformations
The 15N labeling experiment showed a high consistency
of gross rates within each experimental plot, but a low
consistency across plots within the same forest type
(Appendix S1: Table S5), although the gross mineraliza-
tion to immobilization (M/I) ratios were more consistent
within LMF, MMF, and MMoF (Table 4). The montane
sites showed significantly lower N/M ratios compared to
the lowland sites, but across all sites NO3
 production
was more or less balanced by NO3
 consumption, with
dissimilatory nitrate reduction to ammonium (DNRA)
consuming relatively more NO3
 in the montane sites,
while being negligible in the lowland sites (Table 4). Over-
all, the highest gross mineralization rates were found in
both montane sites (94.9 and 43.0 lg Ng1d1, respec-
tively), and at all sites, NH4
+ immobilization was by far
the most important NH4
+ consumption process. For both
lowland and montane locations, the monodominant plots
showed similar M/I and N/M ratios as the mixed. How-
ever, both lowland sites (LMF, LMoF) showed a higher
N/M ratio compared to the montane sites. Overall, all
sites displayed a very tight soil N cycling, withM/I ratios
that were close to 1 across all sites.
Soil N2O fluxes
We found similar flux rates during the dry and the wet
season at LMF and LMoF with a total median emission
of 1.99 and 1.75 kg Nha1yr1, respectively (0.23 and
0.20 nmolm1s1). The MMF site, however, showed
much higher fluxes during the wet season with an average
total median emission of 3.45 kg Nha1yr1
(0.39 nmolm1s1) across both seasons.
DISCUSSION
Comparing lowland and montane mixed forest
(LMF vs. MMF)
In general, lowland tropical forests are considered to
be N rich and P limited (Hedin et al. 2009). The combi-
nation of high N deposition rates (Bauters et al. 2018)
and the downregulation of symbiotic BNF (Bauters
et al. 2016) suggests that lowland tropical forests in the
Congo Basin are indeed N rich. Moreover, recent work
has shown that N availability is lower in high-altitude
than in lowland African and Neotropical forest (Tanner
et al. 1998, Bauters et al. 2017a), but does not per se
indicate N limitation in montane forest. Bulk wet
TABLE 3. The fraction of the different dissolved nitrogen species at both geographic locations and all four forest types, with
throughfall and leaching composition in both sampled forest types per location.
Source
Lowland Montane
LMF LMoF MMF MMoF
Throughfall
NH4
+ 0.23a,b  0.04 0.13a  0.01 0.25b  0.05 0.45c  0.06
NO3
 0.27a,b  0.05 0.32a  0.03 0.37a  0.05 0.22b  0.01
DON 0.50a  0.02 0.55a  0.04 0.38b  0.02 0.33b  0.06
Leaching at 20 cm
NH4
+ 0.12a,b  0.05 0.08a  0.01 0.08a  0.01 0.23b  0.10
NO3
 0.28a  0.07 0.6b  0.09 0.69b  0.01 0.24a  0.15
DON 0.60a  0.11 0.32b,c  0.10 0.24b  0.00 0.53a,c  0.10
Leaching at 40 cm
NH4
+ 0.31  0.21 0.1  0.03 0.13  0.05 0.24  0.07
NO3
 0.26a  0.10 0.6b  0.03 0.63b  0.17 0.37a,b  0.12
DON 0.44  0.31 0.3  0.02 0.23  0.12 0.39  0.04
Leaching at 80 cm
NH4
+ 0.20a,b  0.04 0.14a,b  0.06 0.06a  0.01 0.38b  0.30
NO3
 0.19a  0.03 0.62b  0.17 0.81b  0.02 0.41a,b  0.25
DON 0.61a  0.07 0.25b  0.14 0.13b  0.01 0.20b  0.11
Stream losses†
NH4
+ 0.09 0.19
NO3
 0.05 0.53
DON 0.85 0.28
Notes: All numbers represent the fraction of the total budget numbers per forest type. All numbers show the arithmetic mean
with standard deviation. Significant differences across forest types are indicated by different letters per type (P < 0.05).
†Values for stream losses are for lowland and montane forests.
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FIG. 1. (a, f) Precipitation and (b, g) composition of nitrogen species over one hydrological year of throughfall, (c, h) soil solution at
20 and (d, i) 80 cm depth, and (e, j) stream losses, respectively, for the lowland mixed (a–e) and the montane mixed forest (f–j). Blue trian-
gles are nitrate, red squares are ammonium and green circles dissolved organic N (DON). Error bars show the standard deviation on the
arithmetic mean of the three monitoring plots per forest type. Note that the y-axes of lowland and montane plots have different ranges.
TABLE 4. Gross soil N transformations (lg Ng1d1), including dissimilatory nitrate reduction to ammonium (DNRA), for lowland
mixed forest (LMF), lowland monodominant forest (LMoF), the montane mixed forest (MMF) and the montane bamboo forest
(MMoF), gross mineralization to total immobilization ratios (M/I), and gross nitrification to gross mineralization ratios (N/M).
N fluxes LMF LMoF MMF MMoF
Gross NH4
+ production
Mineralization 5.62a (3.70) 8.00 94.87b (24.61) 43.00b (16.63)
DNRA 0.05a (0.03) 0.03 0.94b (0.85) 0.98 (0b.41)
Gross NH4
+ consumption
Nitrification 1.47 (0.35) 1.51 1.23 (1.06) 2.38 (1.42)
NH4
+ immobilization 4.27a (3.99) 6.65 97.00b (23.78) 42.00a,b (12.83)
Gross NO3
 production
Nitrification 1.47 (0.35) 1.51 1.23 (1.06) 2.38 (1.42)
Gross NO3
 consumption
DNRA 0.05a (0.03) 0.03 0.94b (0.85) 0.98b (0.41)
NO3
 immobilization 1.36 (0.36) 1.57 0.83 (1.43) 0.79 (1.37)
M/I 0.99 0.97 0.97 0.99
N/M 0.26a 0.19 0.01b 0.06a,b
Notes: The rates show the mean and standard deviations over the three sites for LMF, MMF, and MMoF, while only one site was
included in the tracer study in the LMoF. Significant differences across forest types are indicated by different letters per type (P < 0.05).
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deposition and catchment-scale export found in this
study are very similar across both locations. However,
the most abundant forest types at both the lowland and
the highland site (i.e., respectively, lowland mixed and
montane forest) showed a striking difference in composi-
tion of hydrological N losses, as well as gross N transfor-
mation rates.
In the lowland forests, soil pore water became gradu-
ally dominated by DON with leaching depth, which was
confirmed by the catchment-scale export. Although, tra-
ditionally, DIN has been regarded as the main hydrolog-
ical N output from tropical forests (Bruijnzeel 1991,
Schwendenmann and Veldkamp 2005, Brookshire et al.
2012a), findings of DON dominated export from river
catchments in lowland tropical forest have been reported
as well (Neill et al. 2001, Taylor et al. 2015, G€ucker
et al. 2016). A closer look at measured values in the lit-
erature indicates that DON losses are almost always at
least as high as DIN losses in lowland tropical forest
(Appendix S1: Table S1). This is in contrast to the gen-
eral concept that nitrification and subsequent NO3

leaching is the primary mechanism for N export in low-
land tropical forest (Bruijnzeel 1991, Neill et al. 2001,
Hedin et al. 2003, Corre et al. 2010). This observation is
also supported by the gross N dynamics we found in the
lowland forest. While the absolute gross rates across the
three LMF sites were highly variable, theM/I ratios were
very consistent around 1, pointing at an almost complete
re-immobilization of mineralized N. Additionally, abso-
lute mineralization rates for LMF sites were on the low
side of reported results from pool dilution experiments
(see Appendix S1: Table S6 for an overview) but in the
same order of magnitude of some recent work in tropical
lowland forest (Silver et al. 2005, Sotta et al. 2008, Wie-
der et al. 2013, Allen et al. 2015). The rates and ratios
are closely resembling reported rates from lowland tropi-
cal forest in Costa Rica (Wieder et al. 2013), where a
very similar dominance of organic N losses was found
(Taylor et al. 2015). Furthermore, only a small fraction
of the mineralized N was nitrified in the lowland forest,
resulting in an N/M ratio of 0.26 and thus low soil pore
water NO3
. This soil water NO3
 is directly available
for plant uptake, supposedly resulting in low NO3

leaching in LMF. Generally, these transformation ratios
suggest a very tight turnover of soil N that is controlled
by the microbial activity through high immobilization
(of NH4+) and a relative low nitrification.
The observations from lowland forest are in stark con-
trast to the high soil pore water and stream water NO3

concentrations observed in the montane forest with com-
paratively low DON losses. Previous reports have indeed
also shown high NO3
 losses from some Neotropical
montane forests, which has led to the belief that many
tropical montane forests are not N-limited (Mcdowell
and Asbury 1994, Brookshire et al. 2012b, R€utting et al.
2014). This is further supported by the lower soil C:N
ratio in the montane compared to lowland forest, which
is an indicator of higher soil available N (Appendix S1:
Table S6). While we found similar M/I ratios in MMF,
the very low N/M ratio of 0.01 suggests that almost none
of the mineralized N was nitrified. We must, however,
acknowledge that this low N/M ratio is mainly driven by
the very high mineralization rates, while the absolute
gross nitrification rates were comparable to the lowland.
Indeed, these high gross mineralization rates in montane
forests suggest a much higher absolute organic matter
turnover in montane forest compared to lowland forest,
which is in contrast with earlier research on net mineral-
ization rates (Marrs et al. 1988, Vitousek and Matson
1988). However, it does corroborate the recent finding
that gross soil N mineralization is mainly controlled by
organic matter content of the soil (Figueiredo et al.
2016). We find the same positive relation between gross
mineralization and soil C and N content, and a negative
relation between gross mineralization and soil C:N
(Tables 1 and 4), which is in accordance with a meta-ana-
lysis on gross soil N transformations (Booth et al. 2005).
This further reiterates that gross transformations are
mainly determined by the quantity and quality of the
organic matter, an effect that dominates any climatic
effects on gross soil N transformations.
Overall, we cannot reliably compare ecosystem N
uptake of LMFandMMF, since only N cycling via litter-
fall was assessed, ignoring amongst others woody and
fine root productivity. Recent work has shown that net
primary productivity (NPP) decreases in high-altitude
forests compared to lowland forest (Malhi et al. 2016). If
a similar lower NPP would be also be true in our MMF
sites, than this could further explain DIN-dominated
losses in our montane sites, via a decreased uptake of the
available NO3
. However, the observation of DIN-domi-
nated losses in montane forest vs. DON-dominated losses
in lowland forest can currently not be directly explained
by our gross soil N transformation rates. We must stress,
however, that the gross N transformations were only
assessed in the topsoil, which does not necessarily reflect
processes in the deeper soil layers. Furthermore, the
microbial community at both locations seems to very effi-
ciently retain N in the upper soil layers, and this tight N
cycling takes place in an N rich environment, given the
high atmospheric N deposition and N mineralization
rates. In fact, the contrast in N species losses in LMF
and MMF seems to suggest that the much higher gross
N rates in MMF lead to an increased susceptibility for
NO3
 leaching, while the DON losses from LMF might
point to an actual excess of mineral N. Additionally,
there are abiotic soil processes that might play an impor-
tant role in these sites. Nitrogen addition experiments in
old-growth N-rich forests have shown that abiotic sorp-
tion of NO3
 plays an important role in dampening the
expected NO3
 hydrological losses (Lohse and Matson
2005). Additionally, there is an increasing awareness
about abiotic conversion of nitrification intermediates to
gaseous N in conditions of low pH and high Mn or Fe
content, which might be an important unaccounted abi-
otic loss pathway (Heil et al. 2016, Liu et al. 2017).
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Hence, physicochemical abiotic parameters might play
an important role in retaining or processing NO3
 in the
upper soil layer, and the in situ 15N tracing method is not
able to differentiate between biotic or abiotic NO3

immobilization or processing. Therefore abiotic NO3

immobilization via the ferrous wheel hypothesis, Fe-
ammox or NO3
 adsorption to variable-charge soils
might also contribute to the reported NO3
 immobiliza-
tion rates (Davidson et al. 2003, Lohse and Matson
2005, Jiang et al. 2015).
Local differences in N cycling linked to biotic differences
(LMF vs. LMoF; MMoF vs. MMF)
The intriguing monodominance of Gilbertiodendron
dewevrei in the monodominant lowland forest type has
been discussed broadly during the last decade (Torti
et al. 2001, Peh et al. 2011b, Cassart et al. 2016, Kears-
ley et al. 2017). One of the hypotheses trying to explain
the underlying mechanism for monodominance is that
a specific combination of Gilbertiodendron dewevrei
traits and strategy ensures a low soil N availability and
hence acts as an environmental filter for other species
to establish under mature stands, as also observed in
monodominant forests in South America (Torti et al.
2001, Brookshire and Thomas 2013). One study from
LMoF vs. LMF forests in central Africa has suggested
that a slower litter decomposition in LMoF drives SOC
build-up (Cassart et al. 2016) given a similar litterfall
(Table 2), and hence a more closed N cycle. This cor-
roborates with the significantly lower d15N we found in
the topsoil of LMoF. Furthermore, Gilbertiodendron
associates with ectomycorrhiza (EcM), which in turn
are known facilitators of plant growth via organic N
uptake. This is in contrast with LMF, which is predomi-
nantly associated with arbuscular mycorrhizal (AM)
fungi. As such, low soil DIN levels have been reported
from EcM monodominant forest stands, presumably
driven by the EcM-mediated drawdown of the readily
mineralizable DON pool (Corrales et al. 2016). Direct
evidence for this is lacking, in part, because the typical
plant d15N-depletion that normally results from the
EcM symbiosis as observed in the temperate forest is
apparently absent in lowland tropical forest (Mayor
et al. 2015). Nevertheless, insights via structural equa-
tion modeling, the high degree of root colonization,
and the observations of d15N-enrichment of EcM
sporocarps in similar sites suggest an EcM-mediated N-
acquisition in EcM forests in lowland tropics (Tedersoo
et al. 2012, Mayor et al. 2015). Building on this, the
differing pattern of N losses between lowland AM and
EcM forest sites indeed suggests that their N-acquisi-
tion strategy is different. Hence, the switch from DON
to NO3
 dominated losses in LMoF has two possible
explanations: (1) the ability of monodominant forest
for EcM-mediated scavenging of DON, leaving the
DIN pool to leach, or (2) higher net mineralization
and hence less efficient immobilization under
EcM-dominated forests. The results from our 15N trac-
ing experiment revealed that there are no significant dif-
ferences in gross N cycling in monodominant forest vs.
mixed forest. Accordingly, both M/I and N/M ratios
indicated tight N cycling in monodominant and mixed
forest, with relatively low nitrification. In conclusion,
our data suggest that the dominance of NO3
 leaching
under the monodominant forest in central African for-
ests is caused by a reduced uptake of NO3
 by plants
or EcM, and we conclude that altered N cycling might
not be the mechanism driving the competitive advan-
tage of these EcM communities in Afrotropical forests.
Indeed, although the N fluxes are altered under EcM
communities, other nutrients than N (e.g., P) might be
promoting monodominance in lowland forests (New-
bery et al. 1997, Chuyong et al. 2000, Kuyper 2012).
The montane sites, MMF and MMoF, showed a strik-
ing difference in throughfall deposition loads, suppos-
edly caused by either decreased dry deposition or
decreased canopy leaching of N under the thin bamboo
canopy. These lower deposition loads might explain the
lower soil NO3
 quantities leaching out under the mon-
odominant montane forest, by which the relative contri-
bution of NH4
+ in the leachate composition increased.
As such, the hydrological losses of the monodominant
montane forest were not NO3
 dominated, in contrast
with the montane mixed forest.
Overall, the results from different forest types at both
locations (lowland and upland) show that biotic differ-
ences in forest composition can strongly affect N cycling
within the ecosystem. Via the differences exhibited
above, we show that important contrasts can arise along
the entire critical zone of the ecosystem, i.e., in through-
fall, soil N transformations, and, subsequently, leaching
patterns. This finding complicates the upscaling of N
cycling for both empirical and modeling efforts and
shows that biotic forest composition needs to be explic-
itly considered.
Nitrogen budget for African tropical forests
Dry deposition is challenging to assess, and the meth-
ods available lead to highly variable results (Hofhansl
et al. 2011), hence we did not assess it directly here.
However, there is strong evidence from the lowland sites
that important proportions of dry deposition are exoge-
nous (fire-derived) N inputs, resulting in a total deposi-
tion on the Congo basin’s tropical forest that is
substantially higher than expected, with an important
organic component. Additionally, N2O emissions from
both the dry and the wet season in one of the LMF,
LMoF, and MMF sites resulted in rough estimates of
1.99, 1.75, and 3.45 kg Nha1yr1, respectively. Alto-
gether for LMF, this amounted to 18.2–53.1 kg
Nha1yr1 throughfall with 10.1 kg Nha1yr1
losses, of which nearly 80% were hydrological, resulting
in an imbalance of roughly 8–40 kg Nha1yr1. For
the other sites, not taking into account dry deposition, a
February 2019 NITROGEN FLUXES IN AFROTROPICAL FORESTS Article e01342; page 11
similar minimum imbalance of roughly 10 kg
Nha1yr1 was estimated. Although this specific study
did not directly assess BNF, we can reliably adopt results
from a recent study in an old-growth forest resembling
closely our LMF sites. At roughly 200 km from this
study’s lowland cluster, Bauters et al. (2016) concluded
from an absolute absence of nodules on roots of N fix-
ers, that symbiotic BNF is probably downregulated in
lowland mature forest. This leaves the asymbiotic, free-
living, nitrogen fixation as a big unknown in our study
sites (Hedin et al. 2009). The question that arises here,
however, is whether free-living nitrogen fixation still
takes place in the studied forest types, which are already
showing a higher input than output. In other words, are
there N-poor niches for asymbiotic BNF to take place in
these sites, given the relatively high N deposition they
are subjected to? Thus, for these central African forests
sites, we found an apparent lack of N output and ques-
tion the fate of these high N deposition loads (Fig. 2).
This is in sharp contrast with the general concept of “N-
leaky” tropical forest, based on observations from
mainly Neotropical forests (Hedin et al. 2009), where an
FIG. 2. The nitrogen cycle in lowland mixed forest (left) and montane mixed forest (right) in the Congo basin with (a) bulk deposi-
tion, (b) dry deposition on top of the canopy, (c) N fixation, (d) canopy leaching, (e) litterfall, (f) lysimeter leaching at 20, 40, and
80 cm depth, (g) the soil gross N dynamics in detail shown in the lower part of the figure; gross mineralization (M), autotrophic nitri-
fication (OA), NH4
+ immobilization (IA), NO3
 immobilization (IN), and dissimilatory NO3
 reduction to NH4
+ (DN), (h) N2O emis-
sions, (i) catchment scale hydrological export, and (j) N2 emissions. All numbers, except those in g, show total dissolved nitrogen
(TDN), and all numbers expressed kg Nha1yr1. Red (dashed) arrows are inputs, blue (dotted) outputs and gray (solid) arrows are
internal fluxes; x represents the unknown dry deposition.
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apparent lack of input was noted. Hence, we conclude
that including organic N in the forests’ inputs and out-
puts results in an N balance that is in contrast with the
current concept of low-input–high-hydrological losses in
tropical forests.
There are two outputs that have been shown to be
important in other tropical forest catchments and that
were not assessed in this study, namely (1) the particu-
late organic nitrogen (PON) export and (2) other gas-
eous N species (NOx and N2). The importance of PON
for budgets has been shown for geomorphically active
lowland forests recently (Taylor et al. 2015). Addition-
ally, gaseous N losses other than N2O, on the other
hand, are also likely to play an important role in the
overall N budget. (Chemo-)denitrification (i.e., the
reduction of NO3
 to NO, N2O, or N2 under anoxic
conditions) has been hypothesized to be a major loss
pathway for some tropical forests (Houlton et al. 2006).
However, N2 is only rarely assessed in the field, because
it is notoriously difficult to measure due to the high
background concentrations of N2. Likewise, Templer
et al. (2008) tracked only 55% of the produced NO3
 in
plant uptake, leaching, DNRA, N2O fluxes, and micro-
bial N uptake during their 15N tracing experiment in
Puerto Rican tropical forest, and concluded that other
sinks, such as denitrification to N2, might have largely
removed the remaining 45%. In soils with high organic
matter content and under wet conditions, denitrifica-
tion is likely to convert most of the NO3
 to N2 (Potter
et al. 1996), hence N2 could be a drastically underesti-
mated loss (Davidson et al. 2000, Holtgrieve et al.
2006). Empirical estimations of N2 production from old
tropical forests were roughly four times higher than
N2O production (Hedin et al. 2003), and up to five
times in process-based models (Bai and Houlton 2009).
Moreover, recent isotopic studies and ecosystem models
have pointed out that denitrification losses in humid
tropical forests make up a large fraction of total ecosys-
tem N losses (Houlton et al. 2006, Brookshire et al.
2017). Others have shown that terrestrial denitrification
fluxes are underestimated by up to 98%, and that N
gaseous export exceeds NO3
 by a factor six (Fang
et al. 2015). Several processes might play a role for N2
losses, including ammonium oxidation coupled to
nitrite reduction (anammox; Xi et al. 2016). In specific
for these sites, however, it seems more likely that ammo-
nium oxidation coupled to iron reduction (i.e., Feam-
mox) or other forms of chemo-denitrification play an
important role in soils with high Fe content (Yang et al.
2012, 2015, Xi et al. 2016) and low pH (Heil et al.
2016, Liu et al. 2017), in which case denitrification
would be partly decoupled from biological activity; but
further observations are needed to assess this. Alto-
gether, developing novel methods to measure N2 in situ
is vital to understand both the N balance of tropical
forests and to gain insight in the driving factors behind
N2O:N2 partitioning during nitrification and (chemo)
denitrification.
CONCLUSIONS
How does the abiotic environment affect N cycling in
tropical forests by comparing montane and lowland forest?
Our study showed low NO3
 losses, but high DON
losses and a gross mineralization to immobilization ratio
of nearly 1 N-rich lowland tropical forest. This implies
that this tropical forest soil efficiently retain N, with high
internal gross N cycling rates. Instead, we found a more
open soil N cycle showing higher N2O emissions com-
bined with higher NO3
 losses under montane forest,
which is traditionally considered N limited. The gross
soil N rates seemed fully determined by the soil organic
matter content and quality, rendering the gross rates to
be an order of magnitude higher in the montane vs. the
lowland forest, which was a surprising finding. Overall,
these highly different soil N transformation rates and
the distinct leaching patterns were the most apparent dif-
ferences, but the N budgets for both forest types overall
rendered a very similar imbalance, with an apparent
missing N output.
How does forest type within each geographical location
affect the N cycle, i.e., what is the variability that can be
expected from a change in biotic forest composition?
Biologically distinct forest types within the same envi-
ronment also showed very contrasting leaching composi-
tions. N leaching under a lowland EcM-dominated
forest was NO3
 dominated, in fact, much like the mon-
tane mixed forest, but in contrast with lowland AM-
dominated forest. Additionally, both of our montane
sites showed differences in throughfall composition that
might cause a compositional shift in the leachate. Over-
all, we argue that N flux differences (input – cycling –
output) inferred from biotic contrasts might be as
important as those that arise from environmental con-
trasts.
How does the N cycle of tropical forests in the Congo
basin compare to the better-documented South American
and Southeast Asian tropical forests?
Independent from all abiotic/biotic differences, and
contrary to studies from the Neotropics, the hydrological
and N2O losses in all of our studied forest types were
substantially lower than the minimum input levels.
Indeed, this reiterates the importance of quantifying all
N fluxes and including organic nitrogen in balances and
leaves us with questions on the ultimate fate of the high
N deposition in central African forests (Fig. 2). Further-
more, we conclude that either particulate N loss or
(chemo-)denitrification might be one of the keystone
parameters to close the N budget of African tropical for-
est, bridging the discrepancy between high N input and
output through unaccounted losses of N2 and/or NO
and particulate N.
February 2019 NITROGEN FLUXES IN AFROTROPICAL FORESTS Article e01342; page 13
ACKNOWLEDGMENTS
This research has been supported by the Belgian Develop-
ment Cooperation through VLIR-UOS both through a per-
sonal scholarship to M. Bauters and project funding of the
FORMONCO project “Forest Monitoring in the Congo basin.”
VLIR-UOS supports partnerships between universities and uni-
versity colleges in Flanders (Belgium) and the south looking for
innovative responses to global and local challenges. Visit www.
vliruos.be for more information. T. R€utting is supported by the
Strategic Research Area BECC (Biodiversity and Ecosystems
services in a Changing Climate; www.becc.lu.se). M. Barthel
and N2O analyses are supported by ETH-Zurich core funding.
We would like to thank Luc Willems, Greet de Bruyn, Katja
Van Nieuland, Stijn Vandevoorde, Eric Gillis, and Wout Col-
man for help with the sample analysis. The ASTER GDEM2
data product was retrieved from the online Data Pool, courtesy
of the NASA Land Processes Distributed Active Archive Center
(LP DAAC), USGS/Earth Resources Observation and Science
(EROS) Center, Sioux Falls, South Dakota, USA https://searc
h.earthdata.nasa.govs
LITERATURE CITED
Allen, K., M. D. Corre, A. Tjoa, and E. Veldkamp. 2015. Soil
nitrogen-cycling responses to conversion of lowland forests to
oil palm and rubber plantations in Sumatra, Indonesia. PLoS
ONE 17:5168.
Arnold, J., M. D. Corre, and E. Veldkamp. 2008. Cold storage
and laboratory incubation of intact soil cores do not reflect
in-situ nitrogen cycling rates of tropical forest soils. Soil Biol-
ogy and Biochemistry 40:2480–2483.
Asner, G. P., C. B. Anderson, R. E. Martin, R. Tupayachi, D. E.
Knapp, and F. Sinca. 2015. Landscape biogeochemistry
reflected in shifting distributions of chemical traits in the
Amazon forest canopy. Nature Geoscience 8:567–573.
Bai, E., and B. Z. Houlton. 2009. Coupled isotopic and process-
based modeling of gaseous nitrogen losses from tropical rain
forests. Global Biogeochemical Cycles 23:1–10.
Barron, A. R., D. W. Purves, and L. O. Hedin. 2011. Facultative
nitrogen fixation by canopy legumes in a lowland tropical for-
est. Oecologia 165:511–520.
Bauters, M., N. Mapenzi, E. Kearsley, B. Vanlauwe, and P.
Boeckx. 2016. Facultative nitrogen fixation by legumes in the
central Congo basin is downregulated during late succes-
sional stages. Biotropica 48:281–284.
Bauters, M., H. Verbeeck, M. Demol, S. Bruneel, C. Taveirne,
D. Van der Heyden, L. Cizungu, and P. Boeckx. 2017a. Paral-
lel functional and stoichiometric trait shifts in South Ameri-
can and African forest communities with elevation.
Biogeosciences 14:5313–5321.
Bauters, M., H. Verbeeck, S. Doetterl, E. Ampoorter, G. Baert,
P. Vermeir, K. Verheyen, and P. Boeckx. 2017b. Functional
composition of tree communities changed topsoil properties
in an old experimental tropical plantation. Ecosystems
20:861–871.
Bauters, M., et al. 2018. High fire-derived nitrogen deposition
on central African forests. Proceedings of the National Acad-
emy of Sciences USA 115:549–554.
Beer, C., et al. 2010. Terrestrial gross carbon dioxide uptake:
global distribution and covariation with climate. Science
329:834–839.
Bonan, G. B. 2008. Carbon cycle: fertilizing change. Nature
Geoscience 1:645–646.
Booth, M. S., J. M. Stark, and E. Rastetter. 2005. Controls on
nitrogen cycling in terrestrial ecosystems: a synthetic analysis
of literature data. Ecological Monographs 75:139–157.
Booth, M. S., J. M. Stark, and S. C. Hart. 2006. Soil-mixing
effects on inorganic nitrogen production and consumption in
forest and shrubland soils. Plant and Soil 289:5–15.
Boy, J., C. Valarezo, W. Wilcke, R. Rollenbeck, C. Valarezo, and
W. Wilcke. 2008. Amazonian biomass burning-derived acid
and nutrient deposition in the north Andean montane forest
of Ecuador. Global Biogeochemical Cycles 22:1–16.
Brookshire, E. N. J., and S. A. Thomas. 2013. Ecosystem conse-
quences of tree monodominance for nitrogen cycling in low-
land tropical forest. PLoS ONE 8:e70491.
Brookshire, E. N. J., S. Gerber, D. N. L. Menge, and L. O.
Hedin. 2012a. Large losses of inorganic nitrogen from tropi-
cal rainforests suggest a lack of nitrogen limitation. Ecology
Letters 15:9–16.
Brookshire, E. N. J., L. O. Hedin, J. D. Newbold, D. M. Sig-
man, and J. K. Jackson. 2012b. Sustained losses of bioavail-
able nitrogen from montane tropical forests. Nature
Geoscience 5:123–126.
Brookshire, E. N. J., S. Gerber, W. Greene, R. A. Jones, and S. A.
Thomas. 2017. Global bounds on nitrogen gas emissions from
humid tropical forests. Geophysical Research Letters 44:2502–
2510.
Bruijnzeel, L. A. 1991. Nutrient input–output budgets of tropi-
cal forest ecosystems: a review. Journal of Tropical Ecology
7:1.
Cape, J. N., S. E. Cornell, T. D. Jickells, and E. Nemitz. 2011.
Organic nitrogen in the atmosphere – Where does it come
from? A review of sources and methods. Atmospheric
Research 102:30–48.
Cassart, B., A. Angbonga Basia, H. Titeux, E. Andivia, and Q.
Ponette. 2016. Contrasting patterns of carbon sequestration
between Gilbertiodendron dewevrei monodominant forests
and Scorodophloeus zenkeri mixed forests in the Central
Congo basin. Plant and Soil 414:309–326.
Chuyong, G. B., D. M. Newbery, and N. C. Songwe. 2000. Lit-
ter nutrients and retranslocation in a central African rain for-
est dominated by trees ectomycorrhizal. New Phytologist
148:493–510.
Cornell, S. E. 2011. Atmospheric nitrogen deposition: revisiting
the question of the importance of the organic component.
Environmental Pollution 159:2214–2222.
Corrales, A., S. A. Mangan, B. L. Turner, J. W. Dalling, A. Cor-
rales, S. A. Mangan, B. L. Turner, and J. W. Dalling. 2016.
An ectomycorrhizal nitrogen economy facilitates monodomi-
nance in a neotropical forest. Ecology Letters 19:383–392.
Corre, M. D., E. Veldkamp, J. Arnold, S. J. Wright, M. D.
Corre, E. Veldkamp, J. Arnold, and S. J. Wright. 2010.
Impact of elevated N input on soil N cycling and losses in
old-growth lowland and montane forests in Panama. Ecology
91:1715–1729.
Craine, J. M., et al. 2009. Global patterns of foliar nitrogen iso-
topes and their relationships with climate, mycorrhizal fungi,
foliar nutrient concentrations, and nitrogen availability. New
Phytologist 183:980–992.
Davidson, E. A., S. C. Hart, and M. K. Firestone. 1992. Inter-
nal cycling of nitrate in soils of a mature coniferous forest.
Ecology 73:1148–1156.
Davidson, E. A., M. Keller, H. E. Erickson, L. V. Verchot, and
E. Veldkamp. 2000. Testing a conceptual model of soil emis-
sions of nitrous and nitric oxides. BioScience 50:783–792.
Davidson, E. A., J. Chorover, and D. B. Dail. 2003. A mechanism
of abiotic immobilization of nitrate in forest ecosystems: The
ferrous wheel hypothesis. Global Change Biology 9:228–236.
de Klein, C. A. M., and M. J. Harvey. 2015. Nitrous oxide
chamber methodology guidelines nitrous oxide chamber
methodology guidelines. in C. A. M. de Klein, and M. Har-
vey, editors. ISBN 978-0-478-40584-2.
Article e01342; page 14 MARIJN BAUTERS ET AL. Ecological Monographs
Vol. 89, No. 1
De Schrijver, A., L. Nachtergale, J. Staelens, A. De Schrijver, L.
Nachtergale, J. Staelens, S. Luyssaert, and L. De Keers-
maeker. 2004. Comparison of throughfall and soil solution
chemistry between a high-density Corsican pine stand and a
naturally regenerated silver birch stand. Environmental Pollu-
tion 131:93–105.
Dentener, F., et al. 2006. Nitrogen and sulfur deposition on
regional and global scales: a multimodel evaluation. Global
Biogeochemical Cycles 20:GB4003.
Dıaz, S., et al. 2015. The global spectrum of plant form and
function. Nature 529:1–17.
Eriksson, E., and V. Khunakasem. 1969. Chloride concentra-
tion in groundwater, recharge rate and rate of deposition of
chloride in the Israel coastal plain. Journal of Hydrology
7:178–197.
Fang, Y., et al. 2015. Microbial denitrification dominates
nitrate losses from forest ecosystems. Proceedings of the
National Academy of Sciences USA 112:1470–1474.
Fernandez-Martinez, M., et al. 2014. Nutrient availability as
the key regulator of global forest carbon balance. Nature Cli-
mate Change 4:471–476.
Figueiredo, V., A. Enrich-Prast, and T. R€utting. 2016. Soil
organic matter content controls gross nitrogen dynamics and
N2O production in riparian and upland boreal soil. Euro-
pean Journal of Soil Science 67:782–791.
Fyllas, N. M., et al. 2009. Basin-wide variations in foliar prop-
erties of Amazonian forest: phylogeny, soils and climate. Bio-
geosciences 6:2677–2708.
Galy-Lacaux, C., C. Delon, C. Galy-Lacaux, and C. Delon.
2014. Nitrogen emission and deposition budget in West and
Central Africa. Environmental Research Letters 9:125002.
Gerschlauer, F., M. Dannenmann, A. K€uhnel, R. Meier, A.
Kolar, K. Butterbach-Bahl, and R. Kiese. 2016. Gross nitro-
gen turnover of natural and managed tropical ecosystems at
Mt. Kilimanjaro, Tanzania. Ecosystems 19:1271–1288.
Goll, D. S., V. Brovkin, B. R. Parida, C. H. Reick, J. Kattge, P.
B. Reich, P. M. van Bodegom, and €U. Niinemets. 2012. Nutri-
ent limitation reduces land carbon uptake in simulations with
a model of combined carbon, nitrogen and phosphorus
cycling. Biogeosciences Discussions 9:3173–3232.
Goll, D. S., et al. 2017. A representation of the phosphorus
cycle for ORCHIDEE. Geoscientific Model Development
10:3745–3770.
G€ucker, B., R. C. S. Silva, D. Graeber, J. A. F. Monteiro, E. N.
J. Brookshire, R. C. Chaves, and I. G. Boechat. 2016. Dis-
solved nutrient exports from natural and human-impacted
Neotropical catchments. Global Ecology and Biogeography
25:378–390.
G€utlein, A., M. Dannenmann, and R. Kiese. 2016. Gross nitro-
gen turnover rates of a tropical lower montane forest soil:
Impacts of sample preparation and storage. Soil Biology and
Biochemistry 95:8–10.
Hauck, R. D. 1982. Nitrogen – Isotope-ratio analysis. Pages
735–779 in A. L. Page, R. A. Miller, and D. R. Keeney, edi-
tors. Methods of soil analysis. American Society of Agron-
omy, Madison, Wisconsin, USA.
Hedin, L. O., P. M. Vitousek, and P. A. Matson. 2003. Nutrient
losses over four million years of tropical forest development.
Ecology 84:2231–2255.
Hedin, L. O., E. N. J. Brookshire, D. N. L. Menge, and A. R.
Barron. 2009. The nitrogen paradox in tropical forest ecosys-
tems. Annual Review of Ecology, Evolution, and Systematics
40:613–635.
Heil, J., H. Vereecken, and N. Br€uggemann. 2016. A review of
chemical reactions of nitrification intermediates and their role
in nitrogen cycling and nitrogen trace gas formation in soil.
European Journal of Soil Science 67:23–39.
Hofhansl, F., W. Wanek, S. Drage, W. Huber, A. Weissenhofer,
and A. Richter. 2011. Topography strongly affects atmo-
spheric deposition and canopy exchange processes in different
types of wet lowland rainforest, Southwest Costa Rica. Bio-
geochemistry 106:371–396.
Holtgrieve, G. W., P. K. Jewett, and P. A. Matson. 2006. Varia-
tions in soil N cycling and trace gas emissions in wet tropical
forests. Oecologia 146:584–594.
Houlton, B. Z., D. M. Sigman, and L. O. Hedin. 2006. Isotopic
evidence for large gaseous nitrogen losses from tropical rain-
forests. Proceedings of the National Academy of Sciences USA
103:8745–8750.
Hutchinson, G. L., and A. R. Mosier. 1981. Improved soil cover
method for field measurement of nitrous oxide fluxes. Soil
Science Society of America Journal 45:311.
Jiang, X., X. Xin, S. Li, J. Zhou, T. Zhu, C. M€uller, Z. Cai, and
A. L. Wright. 2015. Effects of Fe oxide on N transformations
in subtropical acid soils. Scientific Reports 5:8615.
Kearsley, E., H. Verbeeck, K. Hufkens, F. Van de Perre, S.
Doetterl, G. Baert, H. Beeckman, P. Boeckx, and D. Huy-
gens. 2017. Functional community structure of African mon-
odominant Gilbertiodendron dewevrei forest influenced by
local environmental filtering. Ecology and Evolution 7:295–
304.
Knops, J. M. H., K. L. Bradley, and D. A. Wedin. 2002. Mecha-
nisms of plant species impacts on ecosystem nitrogen cycling.
Ecology Letters 5:454–466.
Kuyper, T. W. 2012. Ectomycorrhiza and the open nitrogen
cycle in an afrotropical rainforest. New Phytologist 195:728–
729.
Lachouani, P., A. H. Frank, and W. Wanek. 2010. A suite of
sensitive chemical methods to determine the d15N of ammo-
nium, nitrate and total dissolved N in soil extracts. Rapid
Communications in Mass Spectrometry: RCM 24:3615–3623.
Lewis, W. M., J. M. Melack, W. H. McDowell, M. Mcclain, and
J. E. Richey. 1999. Nitrogen yields from undisturbed water-
sheds in the Americas. Biogeochemistry 46:149–162.
Liu, S., A. E. Berns, H. Vereecken, D. Wu, and N. Br€uggemann.
2017. Interactive effects of MnO2, organic matter and pH on
abiotic formation of N2O from hydroxylamine in artificial
soil mixtures. Scientific Reports 7:39590.
Lohse, K. A., and P. Matson. 2005. Consequences of nitrogen
additions for soil losses from wet tropical forests. Ecological
Applications 15:1629–1648.
Mace, K. A., P. Artaxo, and R. A. Duce. 2003. Water-soluble
organic nitrogen in Amazon Basin aerosols during the dry
(biomass burning) and wet seasons. Journal of Geophysical
Research 108:4512.
Malhi, Y., et al. 2016. The variation of productivity and its allo-
cation along a tropical elevation gradient: A whole carbon
budget perspective. New Phytologist 214:1019–1032.
Marrs, R. H. H., J. Proctor, A. Heaney, and M. D. D. Mount-
ford. 1988. Changes in soil nitrogen-mineralization and nitri-
fication along an altitudinal transect in tropical rain forest in
Costa Rica. Journal of Ecology 76:466–482.
Martens, B., D. G. Miralles, H. Lievens, R. Van Der Schalie, R.
A. M. De Jeu, D. Fernandez-Prieto, H. E. Beck, W. A. Dor-
igo, and N. E. C. Verhoest. 2017. GLEAM v3: Satellite-based
land evaporation and root-zone soil moisture. Geoscientific
Model Development 10:1903–1925.
Mayor, J. R., S. J. Wright, E. A. G. Schuur, M. E. Brooks, and
B. L. Turner. 2014. Stable nitrogen isotope patterns of trees
and soils altered by long-term nitrogen and phosphorus addi-
tion to a lowland tropical rainforest. Biogeochemistry
119:293–306.
Mayor, J., M. Bahram, T. Henkel, F. Buegger, K. Pritsch, and L.
Tedersoo. 2015. Ectomycorrhizal impacts on plant nitrogen
February 2019 NITROGEN FLUXES IN AFROTROPICAL FORESTS Article e01342; page 15
nutrition: emerging isotopic patterns, latitudinal variation and
hidden mechanisms. Ecology Letters 18:96–107.
Mcdowell, W. H., and C. E. Asbury. 1994. Export of carbon,
nitrogen, and major ions from three tropical montane water-
sheds. Limnology and Oceanography 39:111–125.
McGroddy, M. E., T. Daufresne, and O. L. Hedin. 2004. Scaling
of C: N: P stoichiometry in forests worldwide: implications of
terrestrial redfield-type ratios. Ecology 85:2390–2401.
Menge, D. N. L., and S. A. Levin. 2017. Spatial heterogeneity
can resolve the nitrogen paradox of tropical forests. Ecology
98:1049–1061.
Miralles, D. G., T. R. H. Holmes, R. A. M. De Jeu, J. H. Gash,
A. G. C. A. Meesters, and A. J. Dolman. 2011. Global land-
surface evaporation estimated from satellite-based observa-
tions. Hydrology and Earth System Sciences 15:453–469.
Mulvaney, R. L. 1996. Nitrogen—inorganic forms. Pages 1123–
1184 in D. L. Sparks, editor. Methods of soil analysis. Part 3.
Chemical methods. American Society of Agronomy, Madi-
son, Wisconsin, USA.
Neill, C., L. A. Deegan, S. M. Thomas, and C. C. Cerri. 2001.
Deforestation for pasture alters nitrogen and phosphorus in
small Amazonian streams. Ecological Applications 11:1817–
1828.
Newbery, D. M., I. J. Alexander, and J. A. Rother. 1997. Phos-
phorus dynamics in a lowland African rain forest: the influ-
ence of ectomycorrhizal trees. Ecological Monographs
67:367–409.
Pan, Y., et al. 2011. A large and persistent carbon sink in the
world’s forests. Science 333:988–993.
Peh, K. S. H., S. L. Lewis, and J. Lloyd. 2011a. Mechanisms of
monodominance in diverse tropical tree-dominated systems.
Journal of Ecology 99:891–898.
Peh, K. S.-H., B. Sonke, J. Lloyd, C. A. Quesada, and S. L.
Lewis. 2011b. Soil does not explain monodominance in a cen-
tral African tropical forest. PLoS ONE 6:e16996.
Pe~nuelas, J., et al. 2013. Human-induced nitrogen-phosphorus
imbalances alter natural and managed ecosystems across the
globe. Nature Communications 4:2934.
Perakis, S. S., and L. O. Hedin. 2002. Nitrogen loss from unpol-
luted South American forests mainly via dissolved organic
compounds. Nature 415:416–419.
Potter, C. S., P. A. Matson, P. M. Vitousek, and E. A. Davidson.
1996. Process modeling of controls on nitrogen trace gas
emissions from soils worldwide. Journal of Geophysical
Research—Atmospheres 101:1361–1377.
Reed, S. C., C. C. Cleveland, and A. R. Townsend. 2008. Tree
species control rates of free-living nitrogen fixation in a tropi-
cal rain forest. Ecology 89:2924–2934.
Reed, S. C., C. C. Cleveland, and A. R. Townsend. 2011. Func-
tional ecology of free-living nitrogen fixation: a contemporary
perspective. Annual Review of Ecology, Evolution, and Sys-
tematics 42:489–512.
R€utting, T., D. Huygens, J. Staelens, C. M€uller, and P. Boeckx.
2011. Advances in 15N-tracing experiments: new labelling
and data analysis approaches. Biochemical Society Transac-
tions 39:279–283.
R€utting, T., L. N. Cizungu, D. Roobroeck, M. Bauters, D. Huy-
gens, and P. Boeckx. 2014. Leaky nitrogen cycle in pristine
African montane rainforest soil. Global Biogeochemical
Cycles 29:962–973.
Santiago, L. S. 2015. Nutrient limitation of eco-physiological
processes in tropical trees. Trees—Structure and Function
29:1291–1300.
Schellekens, J., L. A. Bruijnzeel, F. N. Scatena, N. J. Bink, and
F. Holwerda. 2000. Evaporation from a tropical rain forest,
Luquillo experimental forest, eastern Puerto Rico. Water
Resources Research 36:2183–2196.
Schwendenmann, L., and E. Veldkamp. 2005. The role of dis-
solved organic carbon, dissolved organic nitrogen, and dis-
solved inorganic nitrogen in a tropical wet forest ecosystem.
Ecosystems 8:339–351.
Silver, W. L., A. W. Thompson, A. Reich, J. J. Ewel, and M. K.
Firestone. 2005. Nitrogen cycling in tropical plantation for-
ests: potential controls on nitrogen retention. Ecological
Applications 15:1604–1614.
Sotta, E. D., M. D. Corre, and E. Veldkamp. 2008. Differing N
status and N retention processes of soils under old-growth
lowland forest in Eastern Amazonia, Caxiuan~a, Brazil. Soil
Biology and Biochemistry 40:740–750.
Staelens, J., T. R€utting, D. Huygens, A. De Schrijver, C. M€uller,
K. Verheyen, and P. Boeckx. 2011. In situ gross nitrogen
transformations differ between temperate deciduous and
coniferous forest soils. Biogeochemistry 108:259–277.
Stange, C. F., O. Spott, B. Apelt, and R. W. B. Russow. 2007.
Automated and rapid online determination of 15N abun-
dance and concentration of ammonium, nitrite, or nitrate in
aqueous samples by the SPINMAS technique. Isotopes in
Environmental and Health Studies 43:227–236.
Stevens, R. J., and R. J. Laughlin. 1994. Determining nitrogen-
15 in nitrite or nitrate by producing nitrous oxide. Soil
Science Society of America Journal 58:1108.
Tanner, A. E. V. J., P. M. Vitousek, and E. Cuevas. 1998. Experi-
mental investigation of nutrient limitation of forest growth on
wet tropical mountains. Ecology 79:10–22.
Taylor, P. G., W. R. Wieder, S. Weintraub, S. Cohen, C. C.
Cleveland, and A. R. Townsend. 2015. Organic forms domi-
nate hydrologic nitrogen export from a lowland tropical
watershed. Ecology 96:1229–1241.
Tedersoo, L., T. Naadel, M. Bahram, K. Pritsch, F. Buegger, M.
Leal, U. K~oljalg, and K. P~oldmaa. 2012. Enzymatic activities
and stable isotope patterns of ectomycorrhizal fungi in rela-
tion to phylogeny and exploration types in an afrotropical
rain forest. New Phytologist 195:832–843.
Templer, P. H., W. L. Silver, J. Pett-Ridge, K. M. DeAngelis,
and M. K. Firestone. 2008. Plant and microbial controls on
nitrogen retention and loss in a humid tropical forest. Ecol-
ogy 89:3030–3040.
The RCore Team. 2018. R: a language and environment for sta-
tistical computing. R Foundation for Statistical Computing,
Vienna, Austria. ISBN 3-900051-07-0.
Torti, S. D., P. D. Coley, T. A. Kursar, S. D. Torti, P. D. Coley,
and T. A. Kursar. 2001. Causes and consequences of mon-
odominance in tropical lowland forests. American Naturalist
157:141–153.
Van Ranst, E., G. Baert, M. Ngongo, and P. Mafuka. 2010. Carte
pedologique de Yangambi, planchette 2: Yangambi, echelle
1:50.000. UGent, Hogent, UNILU, UNIKIN. UGent, Gent,
Belgium.
Vitousek, P. M. 1984. Litterfall, nutrient cycling, and nutrient
limitation in tropical forests. Ecology 65:285–298.
Vitousek, P. M., and P. Matson. 1988. Nitrogen transformations
in a range of tropical forest soils. Soil Biology and Biochem-
istry 20:361–367.
Vitousek, P. M., and R. L. Sanford. 1986. Nutrient cycling in
moist tropical forest. Annual Review of Ecology and System-
atics 17:137–167.
Vitousek, P. M., D. R. Turner, and K. Kitayama. 1995. Foliar
nutrients during long-term soil development in Hawaiian
montane rain forest. Ecology 76:712–720.
Wang, Y. P., R. M. Law, and B. Pak. 2010. A global model of
carbon, nitrogen and phosphorus cycles for the terrestrial
biosphere. Biogeosciences 7:2261–2282.
Weintraub, S. R., P. G. Taylor, S. Porder, C. C. Cleveland, G. P.
Asner, and A. R. Townsend. 2014. Topographic controls on
Article e01342; page 16 MARIJN BAUTERS ET AL. Ecological Monographs
Vol. 89, No. 1
soil nitrogen availability in a lowland tropical forest. Ecology
96:1561–1574.
Weintraub, S. R., R. J. Cole, C. G. Schmitt, and J. D. All. 2016.
Climatic controls on the isotopic composition and availability
of soil nitrogen across mountainous tropical forest. Eco-
sphere 7:1–13.
Wieder, W. R., C. C. Cleveland, P. G. Taylor, D. R. Nemergut,
E. L. Hinckley, L. Philippot, D. Bru, S. R. Weintraub, M.
Martin, and A. R. Townsend. 2013. Experimental removal
and addition of leaf litter inputs reduces nitrate production
and loss in a lowland tropical forest. Biogeochemistry
113:629–642.
Wieder, W. R., C. C. Cleveland, W. K. Smith, and K. Todd-
Brown. 2015. Future productivity and carbon storage limited
by terrestrial nutrient availability. Nature Geoscience 8:441–
444.
Xi, D., R. Bai, L. Zhang, and Y. Fanga. 2016. Contribution of
anammox to nitrogen removal in two temperate forest soils.
Applied and Environmental Microbiology 82:4602–4612.
Yang, W. H., K. A. Weber, and W. L. Silver. 2012. Nitrogen loss
from soil through anaerobic ammonium oxidation coupled to
iron reduction. Nature Geoscience 5:538–541.
Yang, W. H., D. Liptzin, and J. B. Yavitt. 2015. High potential
for iron reduction in upland soils. Ecology 96:2015–2020.
Zaehle, S., and A. D. Friend. 2010. Carbon and nitrogen cycle
dynamics in the O-CN land surface model: 1. Model descrip-
tion, site-scale evaluation, and sensitivity to parameter esti-
mates. Global Biogeochemical Cycles 24:1–13.
SUPPORTING INFORMATION
Additional supporting information may be found online at: http://onlinelibrary.wiley.com/doi/10.1002/ecm.1342/full
February 2019 NITROGEN FLUXES IN AFROTROPICAL FORESTS Article e01342; page 17
